defined through antagonistic interaction with dpp, and expression domains of dpp and brk in the early blastoderm include prospective hindgut domain. After stage 9, dpp expression in the dorsal domain of the hindgut primordium disappears, but, the brk expression in the ventral domain continues. It was found that Dorsocross (Doc), which is a targe gene of Dpp, is responsible for restricting brk expression to the ventral domain of the hindgut. On the other hand, activation of en is under the control of brachyenteron (byn) that is regulated independently of dpp, brk, and Doc. The cooperative interaction of common DV positional cues with byn during hindgut development represents another aspect of mechanisms of DV patterning in the Drosophila embryo.
Introduction
Patterning of the Drosophila embryo is based on the anteroposterior (AP) and dorsoventral (DV) body axes established by four independent gene regulatory systems: the anterior, posterior, terminal, and dorsal systems (Nü sslein-Volhard, 1991) . Activity gradient of the maternal Dorsal protein along the DV axis initially sets up a prepattern of prospective domains of the mesoderm, neuroectoderm, and dorsal ectoderm by regulating subordinate genes (Rusch and Levine, 1996) . A BMP-type ligand Decapentaplegic (Dpp) is expressed in dorsal 40% of the early blastoderm, and plays a pivotal role in DV patterning of the trunk ectoderm as a morphogen (Podos and Ferguson, 1999; Raftery and Sutherland, 1999) .
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The highest level of Dpp/BMP signal determines the dorsalmost structures, while prospective dorsal and dorsolateral epidermis are determined by lower signal levels (Arora et al., 1994; Ashe et al., 2000; Podos and Ferguson, 1999; Raftery and Sutherland, 2003; Shimmi et al., 2005; Wang and Ferguson, 2005) . A transcriptional repressor Brk, which is expressed in ventrolateral region of the early blastoderm, is also essential for the DV patterning. Brk represses target genes of the Dpp signal while transcription of brk is repressed by Dpp (Jazwinska et al., 1999a,b; Campbell and Tomlinson, 1999; Minami et al., 1999; Podos and Ferguson, 1999; Sivasankaran et al., 2000; Affolter et al., 2001) . In brk mutant embryos, dorsal ectoderm expands ventrally at the expense of the neuroectoderm (Affolter et al., 2001; Jazwinska et al., 1999b) . Most studies on DV patterning in Drosophila have focused on the trunk region, but, some organs that arise outside the trunk also show DV patterning. Development of the embryonic dorsal head region depends on Dpp signal gradient (Chang et al., 2001) , suggesting that the common genetic mechanisms of DV patterning are working outside the trunk region.
The hindgut is another example of organs that show distinct DV patterning (Murakami et al., 1994 (Murakami et al., , 1999 Takashima and Murakami, 2001; Murakami and Shiotsuki, 2001; Takashima et al., 2002) . The hindgut of Drosophila derives from the ectoderm invaginated from posterior region of the blastoderm (Lengyel and Liu, 1998; Murakami et al., 1999; Lengyel and Iwaki, 2002) , and its development is regulated by the Brachyury ortholog brachyenteron (byn), which is activated under the control of the terminal system (Kispert et al., 1994; Murakami et al., 1995; Singer et al., 1996) . The major middle portion of the hindgut, which is called the large intestine, is subdivided into dorsal and ventral domains that are characterized by distinct cellular morphology and gene expression (Murakami and Shiotsuki, 2001; Takashima and Murakami, 2001) . engrailed (en) is expressed continuously in the dorsal domain of the hindgut (Hama et al., 1990; Takashima and Murakami, 2001) , and it acts as a selector gene determining the dorsal fate by repressing ventral fate (Takashima and Murakami, 2001; Iwaki and Lengyel, 2002; Takashima et al., 2002) . In this paper, we use only the terms ''DV subdivision of the hindgut'' instead of ''DV subdivision of the large intestine of the hindgut''. In addition to the simple tissue organization, cellular composition of the hindgut is also very simple: each domain consists of a single cell type (Murakami et al., 1994; Murakami and Shiotsuki, 2001) , which makes the hindgut suitable for analyzing cell differentiation along the DV body axis. It is reasonable to assume that, in addition to positional cues from the terminal system, DV positional cues in the blastoderm are involved in regulation of the en expression in the hindgut. In fact, we have noticed that the dpp and brk expression domains include prospective hindgut region. In other words, the prospective hindgut arises at a region where positional cues from the terminal system merge with those from the dorsal system. In the present study, we analyzed genetic pathways leading to the DV subdivision of the hindgut.
Results

Outline of the DV patterning of the hindgut
We first outline the DV patterning of the Drosophila hindgut. brachyenteron (byn), an ortholog of the vertebrate Brachyury gene, is expressed in the prospective hindgut domain in the posterior region of the cellular blastoderm (Fig. 1A) . The prospective hindgut invaginates during germ band elongation and eventually forms a long tube (Fig. 1B) . Process of the hindgut morphogenesis during these stages is diagrammatically illustrated in Fig. 1C (The developing hindgut (hg) is colored in blue). The invaginated hindgut primordium becomes subdivided into distinct dorsal and ventral domains, with expression of a selector gene, en, in the dorsal domain (Fig. 1D) . Expression of en in the invaginating hindgut appears diffusely until stage 9, and becomes confined to the dorsal domain after stage 10-11. On the other hand, the ventral domain of the hindgut is characterized by expression of a gene CG3328 (used as a marker) after stage 13 (Fig. 1E ). The expression of CG3328 expands dorsally in en mutant embryos, while it is completely abolished by misexpression of en throughout the hindgut (data not shown), as in the case of another ventral marker gene Delta (Takashima et al., 2002) .
Prospective dorsal and ventral domains of the hindgut in the early cellular blastoderm stages are included in the dpppositive ( Fig. 1F ) and brk-positive ( Fig. 1G ) domains, respectively. As described below, dpp expression in the hindgut disappears after stage 9, and brk expression in the ventral domain disappears after stage 11. However, en continues to be expressed in the dorsal domain during hindgut development, and determines dorsal fate of the hindgut (Takashima and Murakami, 2001; Takashima et al., 2002) . Expression pattern of dpp and brk in the early blastoderm suggests that these genes are involved in the DV subdivision of the hindgut. We therefore examined the roles of dpp and brk in the process of DV subdivision.
DV subdivision of the hindgut is under the control of Dpp and Brk
In the hindgut of dpp H46 (null) embryos, en expression did not appear ( Fig. 2A) while expression of the ventral domain marker CG3328 expanded to the dorsal domain (Fig. 2B) . Conversely, en expression expanded to the ventral domain when dpp was misexpressed with the mata-Gal4 driver, in which Gal4 is expressed from early cellular blastoderm stages until about stage 9 (Fig. 2C ). In the brk mutant, en . Misexpression of dpp with the mata-Gal4 driver (maternally-expressed) results in en expression in both dorsal and ventral domains (C). In contrast, en expression expands to the ventral domain in the brk mutant (D), while the ventral marker CG3328 disappears (E). Misexpression of brk with the mata-Gal4 driver affects hindgut morphogenesis, but double-staining for byn (red) and en (blue) mRNAs reveals the disappearance of en in the hindgut (F).
expression expanded ventrally (Fig. 2D) , and expression of the ventral marker CG3328 disappeared (Fig. 2E) . In contrast, misexpression of brk repressed en expression in the hindgut (Fig. 2F) . These results clearly indicate that the DV subdivision of the hindgut is antagonistically controled by dpp and brk. In the process of amnioserosa specification, which is the dorsal-most structure derived from the trunk ectoderm, another BMP signaling molecule, Scw, is required in addition to Dpp (Arora et al., 1994) . However, en expression in the hindgut was not affected in scw mutant embryos (data not shown).
A Dpp target gene Doc regulates en expression by repressing brk
During invagination of the hindgut primordium (Fig. 3A , lateral view), dpp expression in the dorsal domain becomes very weak after stage 8-9 except for narrow lateral regions (arrowheads in Fig. 3B ), whereas brk expression in the ventral domain persists until stage 10-11 (Fig. 3C) . In this stage, three redundant Tbx6-related genes, Dorsocross (Doc)-1, -2, -3, are expressed in the dorsal domain of the hindgut (Fig. 3D) . In the dorsal midline of early cellular blastoderm, Doc genes 
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En are activated by combined action of Dpp/Scw signals, and essential for the development of amnioserosa that derives from the dorsal-most portion of the trunk ectoderm (Reim et al., 2003; Hamaguchi et al., 2004) . We therefore examined whether the Doc expression in the dorsal domain of the invaginated hindgut also requires both Dpp and Scw signals. In dpp mutant embryos, Doc expression in the hindgut completely disappeared (Fig. 3E) , while the scw mutation, which abolishes Doc expression in the early blastoderm, did not affect Doc expression in the invaginated hindgut (data not shown).
These results indicate that Doc in the invaginating hindgut is regulated differently from that in the early blastoderm. Ubiquitous misexpression of dpp with mata-Gal4 induced ectopic expression of Doc throughout the entire ventral domain of the hindgut (Fig. 3F) . On the other hand, Doc expression in the hindgut was not affected in the brk mutant embryo (Fig. 3G) , indicating that the expression pattern of Doc is determined by activation under the control of Dpp. On the other hand, in the DocA mutant embryo, which lacks all three Doc genes (Reim et al., 2003) , brk expression in the hindgut expanded to the entire dorsal domain (Fig. 3H) , and misexpression of Doc1 throughout the hindgut repressed brk expression (Fig. 5I ). It should be noted that brk expression in the trunk ectoderm did not change markedly in the DocA embryos (data not shown).
As is deduced from these results, Doc may be required for DV patterning of the hindgut. In DocA mutant embryos, en expression in the hindgut disappeared (Fig. 3J) , while expression of the ventral marker gene CG3328 was observed in both the dorsal and ventral domains (Fig. 3K) . In addition, when Doc1 was misexpressed throughout the entire hindgut by use of the byn-Gal4 driver, en expression expanded to the entire ventral domain (Fig. 3L ) while CG3328 expression disappeared (Fig. 3M ).
Activation of en requires neither Dpp nor Doc
We examined whether Doc regulates DV patterning only by repressing brk in the dorsal domain or it directly activates en in the dorsal domain. In the hindgut of brk; Df(3L)DocA (null) double-mutant embryos, en expression was observed in both dorsal and ventral domains (Fig. 4A) . The same phenotype was observed in brk; dpp double-mutant embryos (Fig. 4B) . These results unequivocally demonstrate that the activation of en expression depends neither on Dpp nor on Doc. Note that the expression patterns of en in various genetic backgrounds mentioned above were consistently complementary to the expression of brk in the hindgut primordium, implying that DV subdivision of the hindgut is principally established by the Brk repressor. In fact, co-misexpression of brk with Doc1 completely repressed en in the hindgut (Fig. 4C) . The results described so far reveal an outline of the regulatory relationship of the dpp, brk, Doc, and en in DV patterning of the hindgut. However, another question still remains to be answered: what gene is responsible for activating en in the hindgut?
2.5.
The hindgut master gene, byn, is essential for activating en byn is an ortholog of the vertebrate Brachyury and acts as a master gene of the hindgut development (Kispert et al., 1994; Murakami et al., 1995; Singer et al., 1996) . Loss of byn activity results in a short, tiny epithelial tube in place of the normal hindgut. en expression in the hindgut completely disappears in the byn mutant (Fig. 5A) , as was previously reported (Singer et al., 1996) . However, it is possible that the byn mutation causes an overall breakdown of gene expression in the hindgut. We found that this is not the case, because brk and Doc expression remained in the invaginating hindgut of byn mutant embryos (Fig. 5B and C) . Thus, byn is responsible for activating en in the hindgut. It should be noted that the regulation of byn is under the control of the terminal system, and independent of brk and Doc that are under the control of the dorsal system. It has been suggested that a role of byn is to maintain the state of terminal differentiation of the hindgut, since byn expression continues in the hindgut throughout the larval and adult stages (Murakami et al., 1995) . Indeed, it was found that expression of the ventral marker gene CG3328 also requires byn activity (Fig. 5D) , and misexpression of byn throughout the ectoderm induced ectopic expression of CG3328 in the trunk ectoderm (Fig. 5E ).
Discussion
Genetic pathway leading to DV subdivision of the hindgut
The results described above enables us to present a model of genetic pathway leading to the DV subdivision of the Drosophila hindgut (Fig. 6) . The dorsal fate of the hindgut is finally determined by a selector gene en that is expressed in the dorsal domain of the hindgut (Hama et al., 1990; Takashima and Murakami, 2001; Takashima et al., 2002) . Present study revealed that DV patterning of the hindgut is based on antagonistic interaction of dpp and brk in the early cellular blastoderm. dpp expression disappears in the hindgut primordium after stage 9, but, Dpp target gene Doc takes over the repressive effect on brk, and restricts brk expression to the ventral domain. In other words, primary role of Dpp in the hindgut development is to activate Doc genes in the dorsal domain for repression of brk. Eventually, brk represses the selector gene en in the ventral domain, restricting it to the dorsal domain. This is the outline of gene regulatory pathway of DV patterning of the hindgut (Fig. 6) . It should be noted that Doc represses brk in the dorsal domain, while Brk does not regulate Doc expression in the hindgut in normal development, since brk mutation does not affect Doc expression in the hindgut (see Fig. 3G ). dpp and Doc do not determine the dorsal fate directly, but, act indirectly by repressing brk in the dorsal domain. In fact, brk; DocA (null) double-mutant embryos, as well as brk; dpp double mutant embryos, expressed en in both dorsal and ventral domains of the hindgut (Fig. 4A) . Feature of this regulatory interrelation between brk and Dpp/Doc is partially reminiscent of that in the wing discs, in which primary role of Dpp is repression of brk, and the latter is responsible for defining antero-posterior pattern of gene expression in the wing discs (Affolter and Basler, 2007) . Repression of brk by Dpp signals has been reported to depend on the zinc finger protein Schnurri (Shn) in some tissues (Affolter et al., 2001; Toress-Vazquez et al., 2001) . However, brk expression in the hindgut did not expand dorsally in the shn mutant embryo, and also, en expression was observed in the hindgut in shn mutant embryo (data not shown). Thus, shn may not be essential for regulation of brk in the hindgut. Black bars represent repression. DV patterning is initially set up by the antagonistic interaction of dpp and brk during early cellular blastderm stages. Shortly after hindgut invagination, dpp expression disappears, and the role of dpp in repressing brk is taken over by a dpp target gene Doc, restricting brk expression to the ventral domain. en, a selector gene that determines the dorsal fate of the hindgut, is activated under the control of byn, but it is repressed in the ventral domain by brk, being restricted only to the dorsal domain. Activation of a ventral marker gene CG3328 requires byn activity, but it is repressed by en even in the presence of byn, being restricted to the ventral domain.
On the other hand, activation of en in the hindgut, is under the control of byn, the process of which is independent of DV patterning. The expression domain of byn is included in the region where intricate interaction of dpp, brk, and Doc proceeds. The dpp, brk, and Doc genes are all under the control of the dorsal system, while byn is activated under the control of the terminal system that provides AP positional cues in terminal regions of the early blastoderm. In other words, AP positional cues activate en, while DV positional cues repress en. Thus, cooperative interaction of the two independent gene regulatory systems establishes the expression pattern of en in the hindgut.
4.
Materials and methods
Fly strains
y w, and Oregon R strains were used for analyses of normal gene expression. Mutant strains used for genetic analysis were dpp H46 (Wharton et al., 1993) , brk 38-3 (Minami et al., 1999) , brk ; dpp H46 double mutant, scw 12 (from Umea), shn p4738 (from Bloomington), sog s6 (from Bloomington), Df(3L)DocA (deficient for all Doc1, 2, and 3) (Reim et al., 2003) , brk ; Df(3L)DocA double-mutant, byn 5 (strong allele of byn) (Singer et al., 1996) , Df(2R)en E (deficient in both en and inv) (Tabata et al., 1995) , UAS-brk (gift from dr. T. Tabata), UAS-dpp (from Bloomington), UAS-Doc1 (Hamaguchi et al., 2004) , UAS-byn (Kusch and Reuter, 1999) , mata-GAL4VP16 (that expresses GAL4 maternally, and the GAL4 activity lasts until about stage 9, gift from dr. St. Johnston), and byn-GAL4 (expresses GAL4 throughout hindgut from stage 8) (Iwaki et al. 2001 ).
In situ hybridization and immunostaining
In situ hybridization of embryos was carried out using RNA probes labeled with Dig-11 -or fluoroscein-12-UTP. cDNAs of the following genes were used as templates for RNA probes: Doc1 (Hamaguchi et al., 2004) , byn, sna, lacZ, en, brk, dpp, shn, and CG3328 (an EST clone of the CG3328 gene, which is used as a specific marker of the ventral domain of the hindgut). An anti-En antibody (Patel et al., 1989) was used for immunostaining.
